Larval ®tness traits were investigated in two anuran species (Bufo calamita and Rana temporaria) under controlled laboratory conditions, and allelic diversity measured in the same individuals at ®ve and seven microsatellite loci, respectively. For both species there were signi®cant dierences among sibships in larval growth and development rates, and in some cases also in microsatellite heterozygosity and mean d 2 (a measure of diversity based on dierences in allele sizes). However, there were no signi®cant correlations between any of the ®tness and genetic measures either among all individuals, among sibships or among individuals within sibships. Under the conditions and within the statistical power of the study there was no relationship between ®tness-related quantitative trait variation and that seen at presumed-neutral microsatellite loci in these outbred populations.
Introduction
The relationship between biological ®tness and genetic diversity at neutral loci has a long history of investigation (e.g. Mitton & Grant, 1984; Ledig, 1986) . Underpinning such work is the concept that heterozygosity is positively related to ®tness. Under one hypothesis, high levels of heterozygosity across an arbitrarily chosen set of neutral loci are presumed to represent genome-wide heterogeneity, and thus overdominance at loci directly involved in ®tness traits. Alternatively, low levels of heterozygosity may simply re¯ect the increased ®xation of deleterious alleles at speci®c, ®tness-related loci by drift or inbreeding. Most tests of these hypotheses have measured variation at allozyme loci and, although many positive correlations of heterozygosity with ®tness attributes have been reported in a wide range of organisms (e.g. Britten, 1996) , there is concern that negative results may be under-recorded. Certainly no consensus has emerged about the relationship, if any, between generalized heterozygosity and biological ®tness (David, 1998) .
Most recently, the development of new genetic markers such as microsatellites has renewed interest in this subject for at least two reasons. First, they tend to be more polymorphic than allozymes and by resolving greater amounts of variation should provide a more powerful and sensitive test of generalized heterozygosity (Sunnucks, 2000) . Secondly, by virtue of their mutation mechanism, microsatellite alleles dier in size in a manner that can be related to their history. Microsatellites mutate primarily (though not exclusively) by stepwise changes in the number of repeat units, and this process is biased towards increasing allele size (Schlotterer, 2000) . The larger the dierence in allele sizes, the longer the inferred time since coalescence. A new measure re¯ecting these dierences, mean d 2 , has been developed and applied to microsatellite data as a further test of relative outbreeding (Coulson et al., 1998) . Thus, whereas heterozygosity primarily measures the consequences of recent breeding patterns, mean d 2 is related to more distant events in population lineages. Despite these developments, however, there have as yet been very few reports of studies relating microsatellite diversity to ®tness attributes.
Amphibians are particularly useful organisms for ®tness studies because larval growth and developmental rates, timing of and size at metamorphosis are all well authenticated ®tness attributes (Wilbur & Collins, 1973; Wilbur, 1980) . For most species, especially those breeding in temporary ponds, rapid larval growth and development are essential for survival. Previous studies with amphibians using allozymes have yielded con¯ict-ing results, some showing diversity±®tness correlations (e.g. Hitchings & Beebee, 1998) and others not (e.g. Wright & Guttman, 1995) . We have shown previously that mean heterozygosity across eight microsatellite loci in natterjack toads (Bufo calamita) correlated strongly (r > 0.9) with larval growth rate when interpopulation comparisons were made (Rowe et al., 1999) . However, that investigation was concerned with populations that diered widely in size, degree of isolation and diversity at microsatellite loci. The present study attempted to test the hypothesis that a relationship between ®tness attributes and microsatellite diversity also exists within relatively large, outbred anuran populations open to immigration from neighbouring sites. To this end one population of each of two species, B. calamita and the common frog Rana temporaria, was investigated.
Methods

Study populations and sampling methods
In spring 1999 small sections of ®ve spawn strings from B. calamita and of ®ve spawn clumps from R. temporaria, each section containing 50±100 fertile eggs, were obtained in the ®eld and returned immediately to the laboratory. Bufo calamita was sampled on the Ainsdale sand dunes in Merseyside, UK. This site maintains a population of several thousand adults and is subject to immigration from other large populations immediately to the north and south (Rowe et al., 2000) . All the spawn strings used came from dierent ponds to minimize the likelihood of obtaining half sibship samples. Although this is one of the most polymorphic B. calamita sites in the UK with respect to microsatellite diversity (Rowe et al., 1998) , the levels of variation as analysed subsequently were insucient to demonstrate unique parentage unequivocally in all cases. Females of both species under study produce only one spawn string or clump (Beebee & Griths, 2000) , so all certainly had unique mothers, and on the basis of the microsatellite analysis at least three of the B. calamita spawn strings (and very probably all of them) also had unique fathers. Rana temporaria was sampled at a park pond in Brighton, UK. This pond is used by several tens of adults and is open to immigration from animals using a large number of neighbouring ponds. On the basis of allozyme analysis it was known to be one of the most polymorphic frog populations in the area (Hitchings & Beebee, 1997) . In this case, subsequent microsatellite analysis con®rmed that all ®ve samples had unique mothers and fathers, and thus that there were no half sibships.
Experimental design and rearing of larvae
The experimental plan was to raise larvae individually under controlled conditions that generated two distinctive stress levels (high and low food supply). The extent of stress could not be anticipated in advance with certainty, but because there is some evidence that heterosis is maximized under stress (Wright & Guttman, 1995) it was important to ensure that appropriate experimental conditions were provided. For both species, each section of spawn was allowed to hatch in separate containers. Single larvae immediately after hatch (developmental stage 22 for B. calamita, stage 23 for R. temporaria: Gosner, 1960) were transferred to plastic beakers containing either 1 L (R. temporaria) or 0.5 L (B. calamita) of dechlorinated tapwater and maintained thereafter in a constant temperature room at 20°C with a 12:12 h dark/light cycle. B. calamita was put into a smaller volume because this species has small larvae that prefer shallower water than R. temporaria (Beebee & Griths, 2000) . Under`high food' regimes, each larva was provided with approximately 70 mg powdered rabbit food per week for the ®rst four weeks of development and 100 mg per week thereafter. Under low food' regimes each larva of R. temporaria received just 1.5 mg in the ®rst week, 5 mg in the second week, 15 mg in each of weeks three and four and then 70 mg per week thereafter. The low food regime for B. calamita diered somewhat. As with R. temporaria, 1.5 mg was given in the ®rst week but 5 mg was given in weeks two and three, and 15 mg per week thereafter. These lower rations took account of the fact that B. calamita larvae are substantially smaller than those of R. temporaria, and even at these low levels some food was often left uneaten at the end of each week. High food conditions were those which, on the basis of previous experience, were likely to support growth rates comparable with those seen in natural ponds. Water was changed in each container every week. For each sibship of each species, 12 larvae were reared under`high food' and 12 under low food' regimes, giving a total of 120 larvae per species. Beakers with larvae from the dierent sibships were arranged randomly on laboratory shelves and maintained in the same positions for the duration of the experiment. Because growth and development under low food conditions was extremely slow for B. calamita, only animals from the high food trials were used for genetic analysis. The low food treatment was strictly limiting of growth but was used to ascertain whether variances of growth, development or metamorphosis timing responded dierently to increased stress and thus to indicate which was under strongest selection pressure. The expectation was that traits under the strongest selection would maintain the lowest variance (Maynard Smith, 1989) . At approximately 7-day intervals, with occasional omissions, every larva was gently removed from the water, transferred to a small weighing boat, water removed with a ®ne-tipped plastic pasteur pipette and larval wet mass measured to the nearest 0.1 mg on a laboratory balance. The Gosner (1960) developmental stage was noted and the animal returned to its beaker, normally all within 1 minute. A series of preliminary tests demonstrated that this weighing procedure was accurate and reproducible. Thus, weighing the same animal up to ®ve times yielded consistent mass estimates within a range of 2.8±5.8% of the overall mean. The experiment was continued through to metamorphic climax (Gosner stage 46, full tail resorption) for both species. All individuals from the high food regimes were killed and preserved in ethanol at the end of the experiment, or earlier if they died during development, for subsequent genetic analysis. Taken together the experimental design was intended to allow comparisons to be made at three levels, notably across all individuals, among sibships, and within sibships.
Microsatellite analyses
DNA was extracted using a Chelex-based protocol (Rowe et al., 1998) and used in polymerase chain reaction (PCR) ampli®cations with a 33 P-dATP (direct incorporation) and primers for microsatellite loci previously characterized in these species, as described elsewhere (Rowe et al., 1997; Rowe & Beebee, 2001 ). Eight polymorphic loci were available for B. calamita, ®ve of which were polymorphic at Ainsdale (Rowe et al., 1998) and seven polymorphic loci free of null allele eects, as well as one bi-allelic marker, were available for R. temporaria at the Sussex site (Rowe & Beebee, 2001) . PCR products were analysed by electrophoresis through 6% polyacrylamide gels followed by autoradiography and scoring of alleles against an M13 DNA size marker (Rowe et al., 1997) . Genotype data were complete, and all loci were scored successfully for all individuals.
Statistical methods
Data analysis, after transformation where necessary to normalize residuals, was carried out using the STATISTIX STATISTIX program (Analytical Software, Tallahassee, FL). Survival of larvae to metamorphosis was given a binary score (0 or 1) and investigated using a simple logistic regression model testing the full range of potentially independent morphological and genetic variables. Pearson correlations and one-way analysis of variance (ANOVA ANOVAs) were employed with Bonferroni corrections for multiple tests where appropriate. Power analysis was carried out as described by Cohen (1977 2 is most likely to be relevant where there is signi®cant population substructuring, for instance (as was the case in our study) when populations are not completely isolated from one another. Scaling of d 2 re¯ects an attempt to remove any eects of dierent mutation rates between loci by making the statistic linearly proportional to coalescence time. The bi-allelic locus in R. temporaria was omitted from mean d 2 calculations but included in those for heterozygosity. In B. calamita all the genetic estimators were normally distributed, while in R. temporaria this was true only of heterozygosity. All three d 2 measures in this species were successfully normalized before analysis by log 10 transformations.
Results
Growth and development of larvae
Patterns of larval growth and development for both species, under conditions of high and low food supply, are shown in Fig. 1 . In all cases mass increased approximately linearly through much of the development period but declined as expected after the onset of metamorphic climax (Gosner stage 42, emergence of forelimbs). This rate of mass loss was not consistently arrested at the end of metamorphosis (stage 46) and was so severe that no attempts were made to quantify metamorph size. Dierences between individuals measured at dierent times on the same day would have rendered comparisons meaningless. Growth and development rates were estimated for each experiment over periods of approximate linearity (details given in legend to Table 1), truncated in some cases by increasing mortality rates.
Rana temporaria responded to low food regimes by a reduction in both growth and development, with the former generally more severely aected than the latter (Table 1 ). The time taken to metamorphosis was approximately doubled under low relative to high food conditions. By contrast, under low food conditions B. calamita neither grew nor developed beyond Gosner stages 25±26 (pre hindlimb bud emergence). These larvae experienced zero survival to metamorphosis, dying o progressively through the experiment. Larvae in all other treatments experienced much higher survival rates than normally occur in wild populations, but survival was always less than 100% even under the high food regimes. Although generally high survival rendered this parameter relatively uninformative as a ®tness measure, in logistic regression analyses all three of the species´treatments with >0% survival (i.e. excluding B. calamita at low food, Table 1 ) best ®tted a simple model in which survival was signi®cantly correlated with development rate. No other independent variables, either alone or in combination, and including the genetic ones (see below), improved on this model. Thus, for B. calamita at high food, regression of survival against development rate yielded P 0.006 with 94.7% correct classi®cation. The corresponding results for R. temporaria at high food gave P 0.0319, 74.6% correctly classi®ed, and R. temporaria at low food gave P 0.0048 with 78.2% correct classi®cation.
In the three experiments where there was survival to metamorphosis (i.e. excepting B. calamita with low food), growth and development rates correlated strongly with each other and inversely with time to metamorphosis. However, in all these experiments development rates correlated more strongly (by factors of 1.4±5.8) than growth rates with the time to onset of metamorphosis. These development rate´metamorphosis time correlations ranged between )0.39 (R. temporaria´high food) to )0.72 (R. temporaria´low food) with an average of )0.58. Growth rate´metamorphosis time correlations ranged between )0.12 and )0.45, with an average of )0.27. Variance, expressed using standard deviation as a percentage of the mean, was lower for metamorphosis time and development rate than for growth rate in R. temporaria. For B. calamita at high food all variances were relatively high and those of development rate and growth rate were similar. Low food increased the variances of ®tness attributes in both species, with a tendency to aect growth and developmental rates more than the timing of metamorphosis in R. temporaria. 
Variations in growth patterns and genetic diversity
Both species of anurans exhibited some sibship-related features of growth and development. Likely maternal eects were tested for by examining possible correlations between growth or development rates and the starting sizes (masses) of newly hatched (Gosner stage 22 or 23) larvae. These correlations were measured separately under low and high food conditions, and across all individuals, as well as across sibship means. In none of these tests (a total of 20 correlations) was there anything approaching a signi®cant relationship, even without Bonferroni corrections. Growth characteristics and genetic measures of the ®ve B. calamita sibships at high food levels are summarized in Table 2 . There were no signi®cant dierences between sibships in average time to metamorphosis (ANOVA ANOVA F 2.51, d.f. 4, P 0.0543), but there were dierences in growth rate (F 3.19, d .f. 4, P 0.0204) and especially in development rate (F 5.35, d .f. 4, P 0.0011). At the two extremes, mean growth and development rates of sibship 3 larvae were 16% and 7% higher, respectively, than the overall averages and they metamorphosed just over 2 days earlier than the overall mean. By contrast, larvae in sibship 5 grew and developed on average 18% and 20% slower, respectively, than the overall mean and metamorphosed nearly two days later than average. They also experienced atypically low overall survival. Sibship 3 larvae (the fastest) therefore grew and developed some 35±40% faster than those in sibship 5 (the slowest).
Because under high food regimes the survival of both B. calamita and R. temporaria was >0 but <100%, and mean dierences in ®tness parameters were apparent between sibships, demonstrating that substantial variation occurred at this stress level, genetic measurements were taken of animals reared under these conditions rather than the low food ones. For B. calamita there was, in any case, no choice because there was no progressive development under the more stressful low food regime.
Bufo calamita exhibited sibship dierences in the various genetic parameters. There were, however, fairly strong correlations between some of these measures when estimated across all individuals so they cannot be considered as fully independent. Thus, mean heterozygosity correlated with mean d 2 (r 0.79) and with scaled d 2 (r 0.59); mean d 2 also correlated with mean outbreeding d 2 (r 0.77). Broadly similar correlations were apparent when sibship means (as in Table 2 Correlations were made across all individuals as well as between sibship means, for which statistical power (with n 5) was relatively low. Although individuals within sibships were equally inbred, they diered substantially in individual mean heterozygosity and in individual mean d 2 estimates. For these comparisons (with n 60 for each species, a 0.05 and a one-tailed test) the probabilty of detecting a`moderate' correlation of r ³ 0.3 (Cohen, 1977) was 0.76. By contrast, correlations of >0.75 between sibship data would be necessary for detection with a probability of >0.5.
Growth characteristics and genetic measures of the ®ve R. temporaria sibships at high food levels are summarized in Table 3 . As with B. calamita there were no signi®cant dierences between sibships in mean time to metamorphosis (ANOVA ANOVA F 1.41, d.f. 4, P 0.2491) but there were dierences in growth rate (F 9.35, d .f. 4, P < 0.0001) and development rate (F 6.72, d .f. 4, P 0.0002). Larvae of sibship 4 grew and developed on average about 16% and 3.5%, respectively, faster than the overall mean rates. At the other Table 2 Growth and genetic characteristics of B. calamita sibships. Data are means for each sibship under high food rearing conditions. Units are as described in Table 1 extreme, sibship 1 larvae grew and developed some 21% and 5%, respectively, slower than the overall mean rates. Sibship 4 larvae thus grew about 45% faster than those of sibship 1, and developed about 9% faster. Again, the few correlations between the various genetic parameters tended to be dierent from those found in B. calamita. Thus, across all individuals in R. temporaria heterozygosity correlated with scaled d 
Discussion
Growth and development measurements of larvae of both anurans reared under controlled conditions supported the hypothesis that development rate and timing of metamorphosis are strongly selected quantitative traits. The tighter association of development rather than growth rate with metamorphosis timing is in accord with observations by Smith-Gill & Berven (1979) on North American anurans. Timing of metamorphosis, in particular, showed relatively little intraspeci®c variance even under conditions of strict food limitation in the two species that survived under this regime. Although R. temporaria and B. calamita may in general be under dierent selection pressures on account of their dierential susceptibilities to predation (Werner, 1986) , there will clearly be an optimal metamorphosis time for any particular species and this was re¯ected in the laboratory results. Also apparent under the controlled laboratory conditions were signi®cant dierences between individuals and between sibships of the two species in both growth and development rates. The latter, on account of its association with metamorphosis time, was of particular interest as a ®tness trait. There is no doubt that these parameters are of critical importance in wild populations and in B. calamita, for example, larval growth rate and survival to metamorphosis are strongly correlated in natural ponds (Bardsley & Beebee, 1998) . Even under laboratory conditions, where survival was arti®-cially high in the absence of competition or predation, there was evidence of such a linkage in B. calamita and R. temporaria. There were also substantial dierences between individuals and between sibships of both these species in the various measurements of genetic diversity at microsatellite loci. However, no signi®cant correlations were found between any of the genetic parameters and any of the ®tness measures in either species. It is dicult to predict the likely eect size and, thus, the suitability of the present experimental design with respect to statistical power, but it is extremely likely that eects comparable with those seen between ®tness and microsatellite heterozygosity would have been detected among populations of B. calamita reared under comparable laboratory conditions (r 0.919; Rowe et al., 1999) . Previous studies across a wide range of taxa have often found much smaller eects (typically with r 0.1±0.2; David, 1998), but these investigations mostly used allozymes that have much low levels of detectable heterozygosity than microsatellites. This lower level of variation may compromise estimates of correlation strength because many polymorphisms remain unseen. Furthermore, many of the earlier studies reporting low correlations were carried out in the ®eld under conditions in which environmental heterogeneity and stochastic eects would very likely have generated substantial background noise, above which genetic eects on ®tness can be dicult to resolve. There has been no previous (Coltman et al., 1998; Coulson et al., 1998 Coulson et al., , 1999 .
There could be several reasons for ®nding no association between quantitative traits relevant to ®tness and genetic measures based on neutral loci within outbred amphibian populations as studied here. Apart from a weak eect not detectable with the statistical power available herein, the most obvious is the possibility that selection acts primarily at loci in¯uencing growth and survival in a manner unrelated to genome-wide patterns of diversity. On the other hand, the microsatellite measurements may have been inappropriate or inadequate as indicators of genomic diversity. The d 2 statistic is, for example, presumably aected by recombination rates that will tend to homogenize intergenomic dierences over time. Relatively small numbers of loci, albeit all that were available, were used and raising statistical power by using more might reveal weak correlations not apparent in the present study. There is also the question of whether alternative ®tness attributes, such as embryonic development (pre Gosner stage 22) or postmetamorphic growth may have shown associations with the genetic markers. For the species studied herein, however, the value of larval growth and development rates as primary ®tness indicators is very clear (e.g. Bardsley & Beebee, 1998) . It seems certain that any relationship between microsatellite polymorphism and ®tness within these outbred anuran populations must, at best, be much weaker than that seen among B. calamita populations.
The question arises as to why this dierence exists. Interpopulation correlations between ®tness and microsatellite heterozygosity previously demonstrated in B. calamita (Rowe et al., 1999) were strong. Alleles were not evenly distributed across populations and in the smallest ones polymorphic loci tended to have skewed allele frequency distributions often with one very common allele and one or two rare ones. In this situation low heterozygosity was apparent but nevertheless the loci were not out of Hardy±Weinberg equilibrium. It may well be that rapid population declines generating bottleneck eects were primarily responsible for the interpopulation dierences observed in B. calamita and that under more normal circumstances (i.e. stable populations experiencing migration from neighbours) there are no heterosis eects re¯ec-ted in neutral loci. Clearly, other species will need to be studied before acceptable generalizations can be made, but it is important to report lacks of association and thus avoid possible bias in future literature surveys.
Despite nearly a century of study, the genetic basis of heterosis has not been resolved unequivocally although some recent reports have indicated that epistasis may be more important than simple dominance or overdominance (McGoldrick & Hedgecock, 1997; Yu et al., 1997) . As pointed out by McGoldrick & Hedgecock, judicious use of well-characterized microsatellites may help to distinguish between loci under selection and those linked to selected loci, and this may turn out to be their most valuable contribution in future studies of heterosis.
